To investigate how high-permittivity materials (HPMs) can improve SNR when placed between MR detectors and the imaged body. Methods: We used a simulation framework based on dyadic Green's functions to calculate the electromagnetic field inside a uniform dielectric sphere at 7 Tesla, with and without a surrounding layer of HPM. SNR-optimizing (ideal) current patterns were expressed as the sum of signal-optimizing (signal-only) current patterns and dark mode current patterns that minimize sample noise while contributing nothing to signal. We investigated how HPM affects the shape and amplitude of these current patterns, sample noise, and array SNR. Results: Ideal and signal-only current patterns were identical for a central voxel.
| INTRODUCTION
The expected increase in SNR with B 0 has been a primary motivation for ultrahigh field MRI. 1 3, 4 A recently proposed approach to reducing B 1 inhomogeneity and improving coil performance is the utilization of high permittivity materials (HPMs), with relative permittivity (ε r ) greater than 50 placed between the RF coil and the imaged body. [5] [6] [7] [8] [9] [10] [11] [12] According to the principle of reciprocity, the sensitivity of an RF coil to the MR signal originating at a position of interest is proportional to the pertinent circularly polarized component (B 1 -) of the RF magnetic field, which would be produced at that position by exciting the coil with unit current. The intrinsic sample noise received by the same coil, meanwhile, is proportional to the square root of ∫ V (r)E(r) ⋅ E (r) * d 3 r, where E is the corresponding electric field of the excited coil as a function of position r; σ is the distribution of conductivity in the body; and V is the body volume. The SNR enhancement observed in the presence of HPM has been attributed to increased signal sensitivity due to a secondary magnetic field generated by displacement currents within the HPM, as per the Maxwell-Ampere law. 6 The application of the Maxwell-Ampere law alone is a firstorder approximation, which assumes that the E field within the HPM and sample does not change. However, according to Faraday's law, the secondary B 1 field also induces an E field; thus, sample noise is also expected to change. Therefore, it is not obvious precisely how HPMs result in a net SNR improvement.
Furthermore, the assumption that the observed SNR improvement is solely due to the secondary B 1 field fails to explain why larger relative permittivity values do not consistently improve performance 13 given that displacement currents are directly proportional to relative permittivity via the Maxwell-Ampere law. In fact, it has been shown that HPM with large relative permittivities in some cases could introduce significant inhomogeneities within the imaging sample 14 or concentrate the magnetic flux within the HPM itself, preventing its propagation into the imaging sample. 15 Given this limited understanding of the behavior of HPM, heuristic approaches have been used to tailor the relative permittivity value to the geometry of the HPM pad and to a specific region of interest within the imaging sample. 11, 13 One of these studies utilized numerical electromagnetic (EM) field simulations and varied the geometry and electrical properties of the HPM pads to find the optimal configuration. 11 Another study used a fast analytical calculation framework based on dyadic Green's functions (DGF) to investigate the optimal relative permittivity for a layer of HPM surrounding a homogeneous head-mimicking sphere for different field strengths and object sizes. 12, 13 Although an extensive search for the optimal HPM properties for a particular application could be an effective strategy, a better understanding of the effects of HPM on signal and noise could considerably reduce the number of simulations required to establish optimality and could help guide rational strategies for coil design. Ideal current patterns, which are the receive current patterns associated with the ultimate intrinsic SNR (UISNR) at a voxel of interest, have been proposed as guidelines for optimal coil design. 16 For example, ideal current patterns have been used to demonstrate graphically the near optimality of traditional surface and volume quadrature coils at low field strength and to elucidate the suboptimal performance of the same coils at ultrahigh field strengths. [16] [17] [18] [19] [20] The aim of the current work was to employ ideal current patterns as a tool to visualize and understand how HPMs affect the EM field and improve SNR. Changes in the SNR-optimal ideal current patterns alone, however, cannot distinguish effects related to B 1 fields from those related to E fields. In order to separate the effects of HPM on signal and on sample noise, respectively, we decomposed the ideal current patterns into signal-only The dielectric sphere shown in gray was surrounded by a continuous layer of high permittivity material (blue), with a thickness (R2-R1) varied between quarter wavelength (λ/4) and full wavelength (λ) in the HPM at the operating frequency of 297.2 MHz. The radius R3 of the surface where the current patterns were defined (orange dotted line) was kept constant, except for the results shown in Figure 10 , for which it was increased to 14 cm to accommodate thicker HPM layers HPM, high-permittivity materials [Colour figure can be viewed at wileyonlinelibrary.com]
optimal current patterns that result in a unit signal sensitivity at a point of interest with the most efficient current density distribution on a surrounding surface, and dark mode current patterns on the same surface, which minimize sample noise without contributing to MR signal. 20 
| METHODS
We modeled a uniform sphere with a radius of 8.4 cm and average brain electrical properties (ε r = 52, σ = 0.55 S/m) 21 to approximate a human head in an analytical simulation framework based on DGF, 12, 13, 16, 22 which was used for all electrodynamic calculations. We defined a basis set of current modes on a spherical surface concentric with the object and at a distance of 3.7 cm from its surface. Each current mode was treated as one detector of a hypothetical coil array, and the corresponding EM fields were calculated using the appropriate DGF. Mode expansion orders from l = 0 to l = 60 were used, corresponding to a total of 7442 modes equally divided among divergence-free and curl-free current contributions, in order to ensure convergence of all DGF calculations. 23 The space between the object and the current surface was either partially filled with a continuous layer of HPM or left empty ( Figure 1 ). The thickness of the HPM layer was varied to correspond to a fraction of the EM wavelength within the HPM, based on the relationship where f was set to 297.2 MHz, the proton Larmor frequency at 7T; 0 is the magnetic permeability of free space; and ε = ε r ε 0 is the product of the relative permittivity (ε r ) and the permittivity of free space (ε 0 ). We used ε r = 1000 and varied the thickness of the HPM from 0.8 cm (λ/4) to 3.2 cm (λ). We also included simulations with ε r = 100, σ = 0.08 S/m, and ε r = 250, σ = 0.4 S/m, which correspond to properties of titanate slurries previously used for HPM applications at 7T. 14,24,25 HPM thickness was equal to 2.5 cm (λ/4) and 5 cm (λ/2) for ε r = 100, and to 1.6 cm (λ/4) and 3.2 cm (λ/2) for ε r = 250. For these 2 cases, the current surface radius was increased from 12.1 cm to 14 cm to allow the HPM layer to fit between the object and the current surface. Two voxels of interest were considered: one at the center of the sphere and the other 3.4 cm from the center (Figure 1 ). For each HPM configuration, the current modes were combined with the weights W icp to obtain the ideal current patterns corresponding to UISNR at the voxel of interest 16 :
where S is a vector consisting of the signal sensitivity (B 1 -)
at the voxel of interest for each mode; the superscript H indicates the conjugate transpose; and Ψ is the noise covariance matrix of the modes. The elements of Ψ were calculated as ij = ∫ V E * i ⋅ E j dv with mode indices i and j. In order to separate the effects of HPMs on signal and noise, we also calculated the weights to obtain signal-only optimal current patterns (W OP ) by replacing the matrix Ψ in Equation (2) with a diagonal matrix, with elements Ψ ii proportional to the current amplitude of each mode i integrated over the current-bearing surface. 20 The signal-only optimal current patterns, therefore, represent the most efficient current density to achieve unit B 1 -at the voxel of interest (or, equivalently, the current density that would maximize the ratio of MR signal to coil noise), whereas the ideal current patterns achieve unit signal sensitivity while also minimizing sample noise. We then defined a third set of combination weights as W DM = W ICP − W OP to obtain dark mode current patterns, which achieve a net zero signal sensitivity at the voxel of interest and which cancel as much sample noise as possible from the signal-only patterns. Adding the signal-only optimal current patterns to the dark mode current patterns yields the ideal current patterns associated with optimal SNR. For additional physical intuition, see Ref. 20 . To further investigate how HPMs affect sample noise, we calculated the net EM fields associated with the three types of current patterns by applying the corresponding combination weights to the modes' EM fields. We also compared the resulting sample noise values, which were computed as the square root of WΨW H , in which W is the vector containing the combination weights for either ideal, signal-only optimal, or dark mode current patterns. To verify our results for practical coil arrays, we calculated SNR maps 26, 27 for finite arrays of 32 and 128 loop coils encircling the spherical object and HPM layer. Coil conductor losses, assuming copper conductors with a conductivity of 58 × 10 6 S/m and a thickness equal to the skin depth at the operating frequency, were included in the SNR calculations. 16, 28 Loop coils were defined as weighted combinations of the basis current modes, 16 and SNR maps were calculated for a central transverse slice.
| RESULTS
As expected from their definition, the mode combinations resulting in ideal and signal-only optimal current patterns achieved unit sensitivity (B 1 -= 1) at the voxel of interest for all cases, whereas the weights associated with dark mode current patterns resulted in zero signal sensitivity (B 1 -= 0).
For the central voxel, ideal and signal-only optimal current patterns were identical, with a configuration resembling
two distributed current loops precessing around the B 0 axis (z-axis) at the Larmor frequency ( Figure 2A , 2B, 2D, 2E). Note that, in the presence of HPM, the current patterns exhibited a phase shift and required a higher magnitude to achieve unit signal sensitivity ( Figure 2D -2E vs. 2A-2B). However, the corresponding sample noise and signal sensitivity (unity at the voxel of interest) remained the same, indicating that the UISNR was not affected by the presence of HPM (Figure 3 ). The dark mode current patterns ( Figure  2C , 2F) and the corresponding electric field modulus ||E|| ( Figure 3 ) were vanishingly small, demonstrating that the same current patterns that optimized signal sensitivity also maximized SNR. The time evolution of the ideal current patterns for the central voxel are shown in Figure 4 , illustrating that the phase shift introduced by the HPM layer depended on its thickness. For example, an HPM thickness corresponding to a quarter of a wavelength resulted in a rotational phase shift approximately equal to 90 degrees ( Figure 4E -4H vs. 4A-4D). When the thickness corresponded to a full wavelength, the phase shift was 360 degrees, and the ideal current patterns were in phase with those for the case without HPM ( Figure  4I -4L vs. 4A-4D). Figure 5 shows temporal snapshots (at t = 0 for all cases) of the ideal, dark mode, and signal-only optimal current patterns associated with the intermediate voxel for different thicknesses of the HPM layer. The magnitude of both ideal and dark mode current patterns was always lower in the presence of HPM and decreased monotonically with the thickness of the HPM layer. The size of the ideal current patterns increased for the cases with thickness corresponding to either a quarter or three-quarters of a wavelength. For these cases, the magnitude of the signal-only current patterns also increased considerably. Whereas the signal-only optimal current patterns formed large distributed loops, the dark mode current patterns formed a localized high magnitude loop near the voxel of interest, surrounded by a larger and more distributed current loop circulating in the opposite direction with lower current magnitude ( Figure 5 , second row). To assess whether the trends in magnitude and size were time-independent, the absolute magnitude of the complex current patterns (included in Supporting Information Figure  S1 ) was also evaluated, which removed features associated with any specific temporal snapshot. The results (Supporting Information Figure S1 ) showed the same trends as observed in Figure 5 . Figure 6 confirms that the highest and lowest F I G U R E 2 Snapshots at time zero of various current patterns optimized for the central voxel. Arrows indicate surface current direction, and current amplitude is indicated by color, with yellow being high and blue being low. The ideal current patterns and the signal-only optimal current patterns are identical, and the dark mode current patterns are vanishingly small, for this central voxel, both for the case without HPM (A-C) and for the case with an HPM layer with relative permittivity ε r =1000 and thickness = λ/4 (D-F). In the presence of HPM (D, E), the current patterns exhibit a rotational phase shift with respect to the patterns in the absence of HPM, and current amplitude is higher in the presence of HPM (note the different colorbar limit) [Colour figure can be viewed at wileyonlinelibrary.com]
current magnitudes occurred for thickness of the HPM layer corresponding to odd and even multiples of a quarter wavelengths, respectively, whereas the current magnitude was between these two extreme values for other thicknesses.
Signal-only optimal and dark mode current patterns were almost equal in magnitude but opposite in vector direction in regions of the spherical surface far from the voxel of interest. As a result, the corresponding SNR-optimal ideal current patterns had very low magnitude in these regions ( Figure 7) . Figure 8 shows the electric field modulus ||E|| corresponding to the current patterns in Figure 5 . Although sample noise, which is the integrated net E field over the volume, and the spatial E field distribution associated with the ideal current patterns were the same for all cases, the ideal current patterns varied based on the particular HPM configuration. This indicates that whereas the presence of a lossless HPM layer does not change the UISNR because both signal sensitivity and sample noise remain constant, it affects the shape and amplitude of the associated ideal current patterns ( Figure  5 and Supporting Information Figure S1 ). Sample noise for the signal-only optimal cases, on the other hand, decreased monotonically with increasing thickness of the HPM layer, suggesting that the HPM layer can reduce the degree to which E fields permeate the sample while still achieving unit signal sensitivity at the voxel of interest.
The SNR gain associated with the presence of an HPM layer (ε r = 1000) for the case of a 128-or 32-element array surrounding the object are shown in Figure 9 . For both arrays, SNR improved at locations near the surface in all cases but decreased at intermediate locations for HPM thickness corresponding to a quarter and three-quarters of a wavelength. The largest SNR improvement at intermediate locations was observed for the case with HPM thickness corresponding to half a wavelength, for which the corresponding signal-only optimal currents had a lower magnitude than the case without HPM (Figure 10) . However, the magnitude of the signal-only optimal currents was considerably higher when the HPM thickness was equal to a quarter wavelength, and the resulting array SNR was lower near the particular voxel of interest. The same trend was observed with ε r = 250, whereas for ε r = 100 the current magnitude was approximately the same for HPM thickness = λ/4 and λ/2 ( Figure 10 ). For ε r = 100, the SNR of the 128-element array at the intermediate voxel was approximately the same for both thicknesses, whereas for ε r = 1000 and 250 the SNR was higher for HPM thickness equal to λ/2 versus λ/4. When conductive losses within the HPM layer were included, array SNR decreased, whereas the sample noise and magnitude of the currents increased. These results suggest that the conductivity of the material has to be negligible in order to observe a coil performance gain with thicker HPM layers.
F I G U R E 3
The modulus of the electric field ||E|| corresponding to the basis mode combination that results in the current patterns shown in Figure 2 (central voxel). Either with or without a layer of HPM, ||E|| and sample noise are identical for the ideal current patterns and the signal-only optimal current patterns, whereas the ||E|| corresponding to the dark mode current patterns is vanishingly small. The sample noise, calculated as the sample conductivity times the integral of ||E|| 2 over the volume of the dielectric sphere, was normalized by the value obtained for the ideal current pattern case without HPM [Colour figure can be viewed at wileyonlinelibrary.com]
| DISCUSSION
The aim of this work was to separately investigate signal optimization and sample noise minimization to understand how HPMs can result in SNR improvements for RF coil arrays. The inherent difference between maximizing B 1 -at a particular voxel and minimizing E field within the entire sample volume allows for separating signal optimization and noise minimization effects to some extent, although in principle the E and B fields are concomitant. Our results demonstrated that the signal-only optimal and ideal current patterns were equivalent for a central voxel (Figure 2 ). The absence of dark mode current patterns ( Figure  2 ) can be explained by the fact that only a single current mode contributes to the signal sensitivity at the center of a sphere, 29 limiting the degrees of freedom to simultaneously minimize sample noise. Phase advancement in the ideal and signal-only current patterns in the presence of HPM (Figures 2 and 4) indicate that the current pattern optimization has accounted and compensated for the phase delay encountered by the signal propagating through the HPM layer. Phase advancement was also observed for the intermediate voxel, signifying an appreciable signal-propagation delay for voxels that are closer to the surface of the sphere in the presence of HPM ( Figure 5) .
The larger magnitude of the signal-only current patterns for an HPM thickness corresponding to λ/4 (Figures 4-6 ) and 3λ/4 ( Figures 5 and 6) suggests that, for particular configurations, HPMs can effectively reduce field propagation into the sample, requiring stronger currents to achieve a unit signal sensitivity at the voxel of interest. (Note that for our simulations we used the EM field generated by the current patterns to calculate signal sensitivity and sample noise that would be detected by the same current patterns if they were used as a receive coil via the principle of reciprocity. Therefore, our results indicate that the signal received from a precessing to that in D, whereas the time snapshot in I is phase shifted by 360 degrees with respect to the one in A. The magnitude of the ideal current patterns also depends on the thickness of the HPM layer: stronger (E-H) or weaker (I-L) currents are needed to achieve the UISNR at the center for thickness of the HPM equal to λ/4 or λ, respectively UISNR, ultimate intrinsic SNR [Colour figure can be viewed at wileyonlinelibrary.com] nuclear spin would be weaker if the thickness of the HPM layer is an odd multiple of λ/4.) This shielding effect results in larger ideal current patterns ( Figure 5 ), which suggests that for these particular HPM configurations larger current loops may be required to improve signal sensitivity and achieve high array SNR. 30 From a practical point of view, this suggests that by adding HPMs it could be possible to approach the UISNR with a smaller number of larger coils than would be needed in the absence of HPMs. These observations on the size and amplitude of the current patterns are not specific to the particular temporal snapshot shown in Figure 5 , since the same trends were observed after removing any time dependency from the current patterns (see Supporting Information Figure S1 ). The results in Figure 6 confirm that HPM thicknesses equal to odd and even multiples of λ/4 correspond to the highest and lowest magnitude of the signal-only optimal currents, respectively, for the particular relative permittivity considered.
The results for the intermediate voxel show that optimizing for signal reception alone is not sufficient to maximize SNR away from the center. In fact, significant dark mode current patterns were needed to cancel much of the E field created by the signal-only optimal currents over the volume of the sphere, especially in regions far from the voxel of interest (Figure 7) . These dark modes current patterns were stronger near the location of the voxel of interest in order to restore unit sensitivity for the SNR-optimal configuration ( Figure 5 ).
Sample noise associated with signal-only optimal currents decreased for increasing HPM thickness (Figure 8 ). This could be explained by a shielding effect, which confined E field within the HPM layer, reducing the extent to which the electric field permeated the sample while still achieving unit signal sensitivity at the voxel of interest. The corresponding monotonic decrease in the amplitude of the dark mode current patterns ( Figure 5 , row 2) confirmed that the E field that needed to be canceled to achieve the UISNR was smaller for larger HPM thickness. Note that the UISNR calculation for a voxel converged to the same value in the presence of the lossless HPM as in its absence. The shape of the ideal current patterns surrounding the spherical sample, which reflects the relative weighting of each current mode, changed for different HPM thicknesses to account for any perturbation in the EM field caused by the HPM.
The results in Figure 9 suggest that the magnitude of the signal-only optimal current patterns ( Figure 5 ) could be used to identify HPM configurations that yield high-array SNR performance. For example, HPM with thickness equal to odd multiples of λ/4, which corresponded to high signal-only optimal current amplitude, resulted in the lower array performance at intermediate voxel locations (Figure 9 ). Our results also suggest that high amplitude signal-only currents can be used to identify HPM layers that shield the EM field from the imaging sample. As discussed earlier, the sample noise for the signal-only cases decreased monotonically for thicker HPM layers (Figure 8, row 3) , even for layers that shielded the EM field from the sample (odd multiples of λ/4), resulting in an increase in signal-optimal SNR. However, SNR gain in the presence of HPM was poor at intermediate locations for layers corresponding to an odd multiple of λ/4 ( Figure 9 ). Note that this effect can be partially compensated by using a larger number of array elements (Figure 9 top vs. bottom row). The results suggest that a large number of small loops can more closely mimic the high dynamic range and sharp transitions shown by the signal-only optimal current patterns ( Figure 5 ) even when the HPM considerably shields the EM field. However, lower signal-only current amplitudes (Fig 5, row 3) , which corresponded to HPM with thickness equal to even multiples of λ/4, yielded high performance gains near the voxel of interest (Figure 9 ). This result suggests the HPM configurations that allow displacement currents to propagate into the sample and reduce the required signal-only current amplitude to achieve unit signal sensitivity are promising design options for high coil performance. Alternatively, a coil array closer to the sample could also yield a gain in SNR (Supporting Information Figure S2 ). However, our results showed that the SNR gain provided by HPM could still be greater than the improvement resulting from moving the array elements closer to the sample, especially at the surface (Figure 9 vs. Supporting Information Figure S2 ). Furthermore, a prior optimization study showed that using an HPM pad in conjunction with a surface coil provided greater degrees of freedom for RF coil design and resulted in higher coil performance than for the case of a surface coil alone. 31 The array SNR gain with HPM ( Figure 9 ) in the central region of the object was negligible because encircling arrays (in the absence of HPM) with 32 elements can already achieve 98% of central UISNR in a brain-mimicking uniform sphere at 7T. 28 On the other hand, it is difficult to approach UISNR near the surface, and even 96 closely packed coils can only achieve 10% of the optimum. 28 This large margin for improvement could explain why some HPM configurations could increase array SNR by more than 4 times at the surface ( Figure 9 ). For cases in which the HPM was more effective in keeping the EM field from propagating into the sample, that is, for thickness corresponding to odd multiples of λ/4 ( Figure 5 ), the SNR gain near the surface was higher. This suggests the larger EM field confined in the HPM layer created stronger displacement currents within the HPM, which induced larger local B 1 -enhancements near the surface. Note that central SNR could also increase with the addition of an HPM layer in the case of coil array geometries that do not effectively approach the UISNR at the center, such as encircling arrays with a smaller number of elements or coil arrangements that do not completely surround the sample. For example, it was shown that for an 8-channel helmet array, SNR not only improved for locations near the surface but also for locations closer to the center. 32 In this work, a relative permittivity of 1000 was used to incorporate a full range of HPM thicknesses (0 to λ) within
F I G U R E 8
The modulus of the electric field ||E|| corresponding to the current patterns for the intermediate voxel in Figure 5 . For the ideal current patterns, the sample noise is not affected by the HPM layer. As sample noise for signal-only optimal current patterns decreases with an increase in thickness of the HPM layer, the corresponding dark mode current patterns required to achieve the UISNR at the voxel of interest have lower amplitude ( Figure 5) . A greater amount of electric field is confined within the HPM layer for signal-only current pattern cases with a lower sample noise. Note that the sample noise was normalized by the value associated with the ideal current patterns [Colour figure can be viewed at wileyonlinelibrary.com] the limited space between the spherical sample and the surface where the current distribution was defined. However, HPMs with lower relative permittivity are generally used at 7T.
14,24,25 Therefore, we also investigated signal-only optimal current patterns and coil performance ( Figure 10 ) using either a relative permittivity of 100, which is achievable in practice with aqueous suspensions of calcium titanate powder, 24 or a relative permittivity of 250, which can be achieved with The thickness was chosen equal to either a quarter (top row) or half (bottom row) the EM wavelength inside the HPM layer based on its relative permittivity. Note that the radius of the current surface was increased from 12.1 cm (Figure 1 ) to 14 cm to account for the larger thickness resulting from smaller ε r values. For each case, sample noise and SNR of the 128-element array are reported above the current plot, normalized by the values for the case without HPM. For HPM without conductivity and ε r equal to either 1000 or 250, the amplitude of the current was higher for thickness equal to λ/4 than λ/2. For ε r = 100, the current amplitude was approximately the same for the two HPM thickness values and was lower compared to the case without HPM (ε r = 1, σ = 0 S/m). For HPM with conductivity, array SNR decreased, whereas the sample noise and amplitude of the currents increased. In all cases, the phase of the current patterns advanced in the presence of HPM by an amount corresponding to the thickness of the material, which is approximately 90 and 180 degrees for λ/4 and λ/2, respectively [Colour figure can be viewed at wileyonlinelibrary.com] aqueous suspensions of barium titanate powder. 14 To investigate the effect of signal propagation on the shape of the current patterns, the thickness of these HPM pads was chosen to correspond to either λ/4 or λ/2, which resulted in larger thicknesses than those reported in previous work. 14 Our results ( Figure 10 ) suggested that ε r = 100 is nearly optimal at 7T, as shown also in previous work. 13, 24 However, we demonstrated that HPMs with higher relative permittivities can yield a similar coil performance gain if made considerably thinner. Including losses in the HPM pads lowered array SNR, suggesting that aqueous suspensions of titanate powders, which are associated with a significant conductivity, 14, 24, 25 should be avoided when using thicker HPMs surrounding the sample. Alternatively, HPM pads with very high relative permittivity and negligible conductivity, which would better match our simulations, could be obtained using ceramics sintered at high temperatures. 33, 34 However, such manufacturing techniques can be expensive. In order to design RF coil arrays integrated with HPM, the array elements must be tuned, matched, and decoupled in the presence of the HPM [35] [36] [37] ; therefore, a new simulation must be set up every time the geometry or properties of the HPM are updated when searching for the optimal configuration. Recent work has demonstrated that projecting the E fields created by a precessing spin at a point of interest onto a surface results in a tangential pattern that is proportional to the signal-only optimal current pattern for a voxel occupying that same point. 20 This relationship between tangential field patterns and optimal current patterns is a manifestation of the so-called optimality principle, 20 which is itself a direct consequence of the principle of reciprocity. The tangential E fields in question can be calculated in numerical simulations by modeling a precessing nuclear spin with two magnetic dipoles mutually orthogonal and driven in quadrature. 20, 38 Because our results suggest that the amplitude of signal-only optimal current patterns could be used to identify favorable HPM configurations, the tangential E fields of a synthetic magnetic spin for a particular imaging body and current surface could provide a faster and simpler alternative to running multiple full EM field simulations to find optimal HPM configurations. The analytic DGF simulation framework can model only continuous layers encircling the imaging sample, 12, 39 which limits the generality of our results. In particular, several studies used discrete localized HPM pads or discs placed between the coil and the sample, 8, 11, 31, 40 and only few studies have explored the use of large encircling HPM layers, particularly for head imaging. 6, 9, 41 However, even for discrete HPM pads, coil performance has typically been evaluated in terms of transmit sensitivity when normalized to the energy dissipated in the sample, 11 analogous to receive sensitivity normalized by the volume integral of the E-field as employed here. Therefore, we anticipate that our work separating the effects on signal optimization and sample noise in the presence of HPM would provide a better understanding even in cases with discrete HPM pads, although the benefit of HPM for reducing sample noise may be lower in such cases. In addition, because performance trends of completely encircling coils and helmet-like coil arrangements with space provided for the face and neck of the patient are comparable, 28, 42 we anticipate that our results presented for a spherical sample would benefit studies targeting high performance coil-array designs for head imaging. Another limitation of our study is that we used a uniform sphere to model the human head. However, because recent work showed that this might be a reasonable approximation for UISNR calculations, 43 we anticipate that our observations on signal-and noise-related effects in the presence of HPM would not change considerably in the case of a realistic human head model. Future work will include exploring signal-only optimal and dark mode current patterns for heterogeneous anatomical models and practical coil substrates using a generalization of the optimality principle, which allows SNR-optimizing ideal current patterns to be derived as perturbations of signal-only optimal patterns computed from tangential electric fields. 20 The ultimate aim of such work will be to design and build the next generation of high-performance RF coil arrays integrated with HPM.
| CONCLUSION
We presented a framework to decompose ideal current patterns associated with UISNR into signal-only optimal and noise-minimizing dark mode current patterns to understand how HPM can affect the EM field distribution in the sample to improve SNR. Whereas the presence of lossless HPM did not change the UISNR, it did change the distribution of B and E fields and therefore affected the relative balance of signalonly optimal and dark mode current patterns. We showed that signal-only optimal current patterns could be used to identify HPM configurations that lead to SNR gains when using actual coil arrays, whereas dark mode current patterns could be used to identify HPM geometries that reduce sample noise. This work provides physical insights to understand the effect of HPM on signal propagation and noise minimization, which could be used to guide the design of future RF coils integrated with HPM.
